ABSTRACT. Vigna unguiculata (L.) Walp (cowpea) is a food crop with high nutritional value that is cultivated throughout tropical and subtropical regions of the world. The main constraint on high productivity of cowpea is water deficit, caused by the long periods of drought that occur in these regions. The aim of the present study was to select elite cowpea genotypes with enhanced drought tolerance, by applying principal component analysis to 219 first-cycle progenies obtained in a recurrent selection program. The experimental design comprised a simple 15 x 15 lattice with 450 plots, each of two rows of 10 plants. Plants were grown under water-deficit conditions by applying a water depth of 205 mm representing one-half of that required by cowpea. Variables assessed were flowering, maturation, pod length, number and mass of beans/pod, mass of 100 beans, and productivity/plot. Ten elite cowpea genotypes were selected, in which principal components 1 and 2 encompassed variables related to yield (pod length, beans/pod, and productivity/plot) and life precocity (flowering and maturation), respectively.
INTRODUCTION
The leguminous plant Vigna unguiculata (L.) Walp. (Fabaceae), commonly known as the cowpea or feijão-caupi in Brazil, is cultivated as a food crop throughout tropical and subtropical regions of the world. Cowpea seeds exhibit excellent nutritional quality by virtue of their high carbohydrate, protein, fat, iron, and zinc contents, and they contain all amino acids essential to the human diet (Olalekan and Bosede, 2010; Mamiro et al., 2011) . Furthermore, although the cowpea is somewhat underutilized in the promotion of health, the flour can be employed as a food supplement to control chronic diseases, such as diabetes and hypercholesterolemia (Seererama et al., 2012) .
Although the global annual yield of cowpea exceeds 5 million tons, average productivity remains low (472.66 kg/ha), owing mainly to abiotic environmental factors, particularly drought stress (Belko et al., 2012) .
One of the most cost-effective strategies in combating the effects of water deficiency in plants is the development of cultivars with improved drought resistance (Rauf, 2008) . Considerable progress has been made breeding plants with traits related to water stress, based on advances in the areas of plant physiology, molecular genetics, and molecular biology (Cattivelli et al., 2008) .
Studies focusing on the physiology of adaptation have provided new insights into the mechanisms of drought tolerance in plants. An investigation of the response of rice (Oryza sativa) to water deficiency revealed that the most tolerant genotypes exhibit reduced osmotic potential, deeper root growth, and grains with superior antioxidant capacity (Ji et al., 2012) . Ganjeali et al. (2011) showed that drought tolerance in chickpea (Cicer arietinum) was correlated with reduced transpiration and smaller leaf area, whereas tolerance to water deficit in cowpea was reportedly associated with increased membrane stability, diminished stomata opening, reduced transpiration, and smaller leaf area (Labuschagne et al., 2008; Belko et al., 2012) .
In the field of molecular genetics, one strategy for identifying genomic regions associated with drought resistance is mapping of quantitative trait loci (QTL) in plants exposed to water limiting conditions. Examples of this approach include studies conducted on common wheat (Kumar et al., 2012) , barley (Varshney et al., 2012) , and maize (Zhu et al., 2011) .
A number of candidate genes for the control of drought tolerance have been identified and utilized in transgenic experiments. For example, Li et al. (2011) reported that insertion of the wheat expansin gene TaEXPB23 into tobacco (Nicotiana tabacum) resulted in transgenic plants with reduced and slower water loss. Furthermore, Wang et al. (2011) reported that expression of the gene encoding arginine decarboxylase from Poncirus trifoliata (PtADC) in transgenic tobacco plants resulted in enhanced tolerance to water deficit. Muchero et al. (2010) mapped candidate genes associated with drought tolerance of cowpea, and identified seven restriction fragment length polymorfism (RFLP) markers that may assist in assessment of this trait in cowpea seedlings.
Clearly, various approaches may be employed in improving drought tolerance of cowpea cultivars that already present good agronomical characteristics and high yields, and these would provide economic benefits for small-and large-scale producers alike. However, in order to achieve genetic improvement, it is essential that genetic variability exist within a species (Mutava et al., 2011) . One plant breeding method that allows frequency of alleles associated with target traits to increase, while conserving genetic variability of the population, is recurrent selection. This method was initially proposed for allogamous plants, and it has been employed in this context for the genetic improvement of various target traits. Furthermore, the method has also been applied successfully to autogamous crops such as rice (Rangel et al., 2002) , tomato (Avdikos et al., 2011) , and soybean (Zhao et al., 2007) .
A recurrent selection program involves three main steps, namely, establishment of the base population, selection of progenies with desirable phenotypes, and inter-crossing of superior progenies. Selection of appropriate progenies may be performed with the aid of univariate or multivariate statistical tools. When a large number of desirable traits are involved, the application of principal component analysis (PCA) is recommended to facilitate selection of the most relevant variables.
The aim of the present study was to select elite cowpea genotypes with enhanced tolerance to water deficit, by applying PCA techniques to progenies obtained in the first cycle of a recurrent selection program.
MATERIAL AND METHODS
All tests were carried out in the experimental area of Embrapa Meio-Norte (Teresina, PI, Brazil) located 05°05'05''S: 42°'47'05''W, at an altitude of 72 m. Experiments were conducted between August 8 and October 30 2011, during which period the average temperature was 29.6°C (range 21.7° to 37.9°C); average air humidity was 48% (range 23 to 80%), and there was no precipitation during the period.
Tolerance to water deficit was evaluated in 225 genotypes comprising 219 first-cycle cowpea progenies, obtained in a recurrent selection program, together with the six parental cultivars (considered drought tolerant). The experimental design comprised a simple 15 x 15 lattice that included 450 plots, each consisting of two rows of 10 plants (20 plants/plot). Plots measured 1.4 x 3.0 m, spacing between rows was 0.70 m, and the spacing between plants within a row was 0.30 m. Water-deficit conditions were simulated by applying a water depth of 205 mm, which represented one half of the water requirements of cowpea.
Target variables were flowering (days), maturation (days), pod length (cm), number of beans/pod, mass of beans/pod (g), mass of 100 beans (g), and productivity/plot (g). In order to select cowpea progenies with enhanced tolerance to water deficit for the continuing recurrent selection program, analysis of intra-block variance of the lattice and PCA were performed with the aid of the statistical software program SAS version 9.0 (SAS Institute, Cary, NC, USA).
RESULTS
Outcomes of analysis of intra-block variance are shown in Table 1 . Progenies were significantly different (P ≤ 0.05) with respect to all variables with the exception of number of beans/ pod. Table 2 presents a summary of PCA and displays eigenvalues, the cumulative percent of variance accounted for by the principal components (PCs), and the eigenvectors estimated based on the averages of each of the seven variables. According to the Kaiser (1960) criterion, only PCs with eigenvalues greater than 1 should be retained. Therefore, PCs1 and 2 were selected (Table 1) . These accounted for, respectively, 39.26 and 22.34% of the variability of the progenies and, taken together, 61.60% of the total diversity. Characteristics that contributed most to variability in PC1 were pod length, number of beans/pod and productivity/plot (collectively termed the production components); while in PC2, flowering and maturation (referred to collectively as precocity components) were the largest contributors to variability.
In the discriminant analysis biplot of PC1 and PC2, shown in Figure 1 , genotypes presenting high yields but long developmental cycles under conditions of water deficit are included in quadrant 1. These progenies, and especially genotypes 15, 121, 122, and 210, could be of interest from a productivity point of view, despite their non-precocious cycles. Quadrant 2 comprises the drought-susceptible genotypes exhibiting low yields and long developmental cycles, whereas quadrant 3 contains progenies with precocious cycles but low yields under water limiting conditions. None of the progenies within these two quadrants would be suitable for the recurrent selection program due to their substandard productivity. The ten progenies encompassed by quadrant 4 (genotypes 20, 33, 37, 47, 49, 58, 60, 88, 129, and 198) together with the control genotype BRS Paraguaçu (221), are those that exhibited high yield with short flowering cycle and precocious maturity despite the conditions of water deficit. Characteristics of these ten elite progenies and control are displayed in Table 3 *Statistically significant at 5% probability; ns not significant; d.f. = degrees of freedom. 
DISCUSSION
According to Abayomi and Abidoye (2009) , water deficit delays flowering in cowpea crops. This was evident in the present study, in which flowering of some progenies occurred only after 59 days. With regard to maturation, however, it is of interest to note that 20 of the progenies in our study exhibited precocious maturity, possibly as a result of water deficit. In this context, Verslues et al. (2006) hypothesized that plants develop strategies to escape the effects of drought stress through, for example, rapid development and early completion of the life cycle before water limitation causes physiological damage.
In the present study, mean pod length of the cowpea progenies was low, with some pods presenting a small and shriveled appearance, possibly as a consequence of water limitation.
Water deficit had no significant influence on the mean number of beans/pod, suggesting that this trait may not represent a valuable marker for the selection of drought-tolerant genotypes. On the other hand, Ahmed and Suliman (2010) reported that water deficit significantly reduced the mean number of beans/pod in a cowpea cultivar and in two local genotypes, suggesting that this variable is a sensitive indicator of drought tolerance.
The observed mean mass of 2.0 g for beans/pod was considerably lower than the average value reported in the literature. This divergence may be explained by the less harsh conditions employed in experiments conducted by Rodrigues (2012) . Regarding the mass of 100 beans, mean values in cowpeas cultivated under full water supply were significantly higher than those in cowpeas exposed to water limiting conditions . Results from the present study confirmed that drought stress exerts a negative influence on cowpea productivity, as has been previously reported (Uarrota, 2010; Bastos et al., 2011; Nascimento et al., 2011) .
In an earlier evaluation of 47 cowpea genotypes by PCA, Bertini et al. (2010) determined eigenvalues of 39.88, 24.21, and 16.23% for PC1, PC2, and PC3, respectively. In that investigation, PC1 encompassed eigenvectors relating to yield, while PC2 included those associated with precocity, as was also the case in the present study. Furthermore, in the work of Bertini et al. (2010) , the trait with the highest weight in PC1 was pod length, which is also consistent with the findings of the present study.
Selective breeding is a technique that allows plant breeders to select for groups of several desirable traits, to produce varieties with superior agronomic characteristics. Within this context, the progenies of quadrant 1 of the PCA biplot (Figure 1 ) retained high productivity under conditions of water deficiency but did not exhibit short developmental cycles and, hence, would not represent the best option for selection of elite cowpea lines. Progenies of quadrant 2 combined the most undesirable characteristics of low-yield and long developmental cycle, traits that have been recognized as typical of genotypes with low tolerance to water deficiency . Progenies of quadrant 3, presenting precocious cycles, had the disadvantage of being low-yielding, hence were not chosen for the continuing recurrent selection program. Quadrant 4 brought together the characteristics of high-yield and precocious development, and encompassed all of the progenies presenting desirable traits within PC1 and PC2. Genetic improvement of cowpea, with respect to drought and heat tolerance, requires fixation into a single genotype of alleles associated with tolerance, along with those associated with agronomical secondary traits such as duration of developmental cycle (Hall, 2004) . In this study, the application of PCA to first-cycle cowpea progenies allowed for selection of 10 elite genotypes with all of the required characteristics for the continuation of a drought-tolerant recurrent selection program.
Improvement of drought tolerance in cowpea, through the application of a recurrent selection program, depends on traits being inherited in a quantitative manner. Such programs comprise three or more selection cycles conducted in a repetitive manner, such that selection of progenies with enhanced drought tolerance must commence at the first cycle in order to permit future selections. Application of PCA to 219 first-cycle cowpea progenies produced a first principal component that encompassed eigenvectors relating to yield (pod length, beans/pod and productivity/ plot), and a second principal component that included eigenvectors relating to precocity (flowering and maturation). From this analysis, 10 elite genotypes could be selected with all the required characteristics for the continuation of a drought-tolerant recurrent selection program.
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